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ABSTRACT 



The polyphase switching-transistor circuit studied in 
this thesis offers promise of attaining speed control of 
induction motors by providing a simple means of varying 
line frequency. Both by theoretical analysis and in experi 
mental work, the practicability of such an application is 
proved. While problems do exist, viz., undesirable rotor 
heating due to harmonic content in the switching-circuit 
output, possibility of difficulty in starting the motor due 
to the low impedance of an induction motor at starting, and 
relatively low power levels obtainable from presently avail 
able power transistors, all these difficulties are capable 
of solution. 

The theoretical analysis includes a study of operation 
of the single -phase circuit based on operation as a 
relaxation oscillator. Then, the effect of adding more 
phases is studied. These analyses point out the importance 
of various circuit parameters in determining range of 
circuit operation. 

The procedure for designing a three-phase circuit is 
outlined and the problems encountered in attempting to 
attain maximum power output are discussed. 
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The feasibility of utilizing the switohlng-oircuit out- 
put as a power supply for a conventional induction motor is 
investigated analytically. The most important subjects 
studied are the effects of harmonic oontent in applied volt- 
age on torque-speed characteristics of the motor and the 
additional rotor copper losses which result due to this 
harmonic content . 

The experimental work consists of designing a three- 
phase oirouit and making it operate. Experimental data ob- 
tained deals primarily with the effeot of various circuit 
parameters on operation, providing confirmation of the pre- 
dictions of theory. A synchro, with shorted rotor, was run 
as an induction motor and Its speed varied by changing the 
applied d.o. voltage. 

It Is concluded that the qualitative behavior of the 
polyphase transistor-switching circuit is accurately pre- 
dicted by theory. By careful determination of the many 
parameters in the circuit, quantitative predictions should 
be very precise. It is further concluded that speed control 
of low-power induction motors, using the switching circuit 
output as a power supply, is feasible, but that It is 
desirable to filter out the harmonic content of the switch- 
ing circuit output in order to minimize undesirable losses 
due to the harmonics. 

It is recommended that further experimental study be 
made, particularly with regard to speed control of induction 
motors, that the switching circuit design be optimized for 
maximum power output, that the problem of filtering the 
switching oirouit output to remove harmonics be investigated, 
and that schemes for increasing the power rating of the 
oirouit be devised. 
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CHAPTER 1 



INTRODUCTION 

With the coming of age of automation, the need for 
variable speed control of electric motors for use in control 
systems has assumed great importance , Even before automa- 
tion in industry, variable speed electric motors found many 
applications in military servo systems. Because of the dif- 
ficulty in obtaining speed control of AC motors, it has 
invariably been necessary to use DC motors in the aforemen- 
tioned applications. This, of course, introduces the 
disadvantage of the commutator as well as requiring exten- 
sive additional equipment if wide speed range is desired* 

There would be several advantages attendant to using 
induction motors in the above applications, among which are 
the ruggedness of the motor, the inexpensiveness of the 
squirrel-cage rotor induction motors, and the fact that 
there is no commutator. The inflexibility of the induction 
machine from the standpoint of speed control has prevented 
its wide use in control applications, but smooth speed 
control over any range can be provided if the line frequency 
is varied. Since it has not been convenient to do this in 
the past, the induction motor has been regarded as essen- 
tially a constant-speed machine. The switching circuit 
studied in this thesis offers a means of conveniently varying 
line frequency and, thus, varying the speed of an induction 
motor . 
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It is the purpose of this thesis to investigate analyt- 
ically and experimentally the application of a switching- 
transistor DC to AC converter described by Royer in fl] to 
speed control of induction motors. This circuit has an out- 
put frequency proportional to the magnitude of the DC input 
voltage, so it provides the variable frequency source 
required to attain such speed control. Furthermore, the 
magnitude of the output voltage is also proportional to the 
DC input voltage, so the maximum torque attainable remains 
nearly constant since the flux density is approximately 
constant. By the use of phase-locking techniques described 
by Milnes in [2], two or more of the basic circuits may 
be combined to provide a polyphase power supply. Since the 
output of the converter is a square wave, the effect of 
square voltage wave excitation on the torque of an induction 
machine must be determined. 

The operation of the basic circuit, the phase-locking 
principle and the effect of phase-locking on operation of 
the basic circuit, and the effect of applying square voltage 
waves to an induction machine will all be analyzed theoret- 
ically. Insofar as possible, the predictions of theory will 
be checked experimentally. 
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CHAPTER 2 



PROCEDURE 

In both the analytical study and the experimental work, 
the procedure has been to start with the simple and proceed 
to the more complex® For example, in the theoretical 
analysis, the basic circuit is first analyzed for operation 
with passive loads, then the phase-locking principle is 
studied, after which the operation of the converter with 
phase-locking elements included is determined. These 
analyses place the limits on the load which can be placed 
across the output and indicate the departure of operation 
from the ideal case. The analytical portion of the thesis 
is then completed with the analysis of the effect of square 
voltage wave excitation on the torque-speed characteristics 
of the polyphase induction motor. 

In the experimental phase of the thesis, a similar 
procedure is followed. The basic single-phase converter 
is designed and assembled and then tested to determine 
operation with various passive loads. Then, successively, 
two-phase and three-phase circuits are assembled and tested. 

The object of the experimental portion is to determine 
degrees of agreement with theory and practical limits of 
operation. Therefore, information of interest Includes 
range of input voltage over which satisfactory operation is 
obtained, frequency of output for a given input voltage. 



5 



range of frequency obtainable, and power level of the output. 
This information is readily obtained once the circuit is 
properly operating. 

As will be developed in the analysis of the basic cir- 
cuit, the problem of starting an induction motor using the 
switching circuit is a difficult one. For proper operation, 
the circuit requires a certain minimum load impedance, and 
the induction motor, at starting, is almost a short circuit. 
Therefore, the phase of the experimental work concerned with 
applying the switching circuit output to the windings of an 
induction motor consists of trying to devise schemes for 
introducing impedance into the load in order to maintain 
oscillatory operation of the switching circuit. 

The thesis follows, in general, the outline of proce- 
dure given above . 
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CHAPTER 5 

ANALYSIS OF SWITCHING CIRCUIT OPERATION 



5.1 Basic Circuit 

The basic switching circuit proposed by Royer in [l] is 
shown in Figure I. The operation of this circuit has been 
described in terms of core saturation in both [1] and [2]. 
While such explanation does express the mode of operation of 
the circuit, it leaves many questions unanswered. By analyz- 
ing the circuit as a negative resistance oscillator, a more 
complete picture of the operation may be obtained and, in 
particular, the importance of the load impedance level shows 
up clearly. 




Fig. I. Basic switching circuit. 

Obviously, one-half of the circuit may be investigated 
at a time since, when one transistor is conducting, the 
other is blocking and does not affect the output . The 
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analysis is carried out in detail in Appendix A, but the 
assumptions made in the analysis are important and Include 
the followings 

1. The transistors are perfect switches , i.e., when 
blocked the leakage current is negligible and is 
assumed to be zero. 

2, Leakage inductances of the core windings are 
negligible. This assumption simplifies the 
analysis considerably and is Justified by the 
fact that these inductances do not fundamentally 
affect circuit operation. 

3« Winding resistances of the core windings may be 
lumped with other resistances in the circuit. 

4. Based on (2) and (j5 V , the windings may be 
represented as ideal transformers „ 

Granted these assumptions, we are able to look into 
the circuit of the "N^ windings, with the magnetising 
inductances and load being taken out of the circuit . The 
circuit may then be reduced to the form shown in Big. II. 
The piecewise-linear model of the transistor is the con- 
ventional representation of a transistor in saturation. 




Fig. II. Representation of conducting half of switching 
circuit for break -point analysis. 
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Using conventional methods of break-point analysis, the 
v-i characteristic of the circuit can be determined. Then, 
from symmetry considerations, the picture may be completed 
by adding the effect of the other half of the circuit, the 
resultant v-i characteristic being shown in Fig. III. The 
quantities of Interest are as follows : 





( 1 ) 




V n 



P l-a(ml) ~ | 
[_n z (l-a)R s J 



( 2 ) 



nMl-a) Ri 
1 - a(rn-i) 



(3) 



where 



' - Rs (o 2 Rb) 
Rs+ n 2 R b 

R b = r b + 



R S ~ r S + r Wl 

- - 



w 

(5) 

(6) 

(7) 



Note that R 0 is negative for any normal value of the 
turns ratio, so that the circuit, as seen from the magnetis- 
ing inductance of the core, displays the volt-ampere 
characteristic of a negative-resistance oscillator. 
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Pig. III. v-i characteristic of switching circuit as 
viewed from magnetising inductance of core. 

3.2 Effect of Load on Basic Circuit v-i Characteristic 

Based on the foregoing, the circuit may be represented 
by the magnetising inductance and the load placed across 
the terminals of a black box whose v-i characteristic Is 
known. This representation is shown in Fig. IV. 




Fig. IV. Representation of switching circuit and load. 



For the moment, assume that the magnetizing Inductance 
is infinite and that the load is resistive. Then if we 
lump the winding resistance of the load and the load itself 
and call the resultant resistance R^, we can look in at the 
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v’-I 3 terminals and observe the effect of R^ on circuit 
operation. As shown in Fig* V, the effect of the load is 
to change the value of the negative resistance. The 




Fig. V. v'-i' characteristics of load and negative 
resistance oscillator, showing the effect 
of on operation. 

practical importance of this is obvious in that if 
equals R Q (R being defined by Equation (?)), the circuit 
no longer looks like a negative resistance, so oscillatory 
behavior will not occur. This poses a difficult problem 
to the purpose of this thesi3 for it is hoped to apply the 
output of this circuit to the stator windings of an induc- 
tion motor. Since, at starting, the resistance of an in- 
duction motor is very nearly zero, the effect of placing 
this motor directly across the switching circuit output 
may be to stop the oscillations of that circuit. 
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Therefore, at starting, some means Mill have to be devised 
to make the load present a high impedance to the switching 
circuit . 

Oscillatory Behavior of the Basio Circuit 
It has so far been shown that the basic circuit displays 
a negative resistance portion in its volt -ampere characteris- 
tic, and It has been Implied that this can lead to oscillatory 
behavior. This effect will now be shown. 

When we look into the windings of the basic circuit 
from the magnetising Inductance of the core, we see the v-i 
characteristic shown in Pig. Vl(a) . For simplicity, the case 




H>) 

Fig. VI. fa) v-i characteristic of switching circuit. 

(b) Typical hysteresis loop for core material. 
Letters refer to particular states in the operation. 

where is infinite is shown. If some finite value of R L is 
taken (so long as R^ is greater In magnitude than R q ), the 
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only effect is to change the slopes of the v-i characteris- 
tic; the principle remains the same. 

Suppose that the initial state of the core is at point 
A in Fig. VI (b). On the v-i curve in Fig. VI (a), this 
point is located as shown. So there is some voltage, V , 
across the windings and a magnetising current, I m , flowing 
in the windings. So far as the v-i curve is concerned, this 
state remains while the core absorbs = 2N<$> volt seconds. 
After this absorption, the core Is at point B, as indicated 
in Fig. VI (b). So far as the v-i curve is concerned points 
A and B are identical . 

At point B, the core saturates and the voltage and 
current are constrained to operate on the v-i characteristic 
and are related by 

v=L<,4l (8) 

dt 

so the current and voltage increase (voltage becomes less 
negative) along the path BC, Indicated in Fig. VI (a). At 
point C on the v-i curve, the current cannot continue to 
increase in accordance with Equation (8) because the v-i 
locus will not allow it. So, still referring to Fig. VI (a), 
operation switches almost instantaneously to point D. (The 
time interval here depends upon the switching time of the 
transistor.) At point D, the v-i locus is such that the 
relationship given in Equation (8) may again be satisfied, 
so both current and voltage decrease until point E on the 
hysteresis loop is reached, at which time the core desaturates. 
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Voltages and currents then remain constant while the core 

once more absorbs 2 A volt seconds. At that point, satura- 

s 

tion again occurs and the same sort of operation as is 
described above is repeated to close the oscillation loop. 

Looked at as a function of time the voltages and 
currents appear as shown in Fig. VII. If the saturation 




Fig. VII. Current and voltage waveforms in steady 

state operation of switching transistor circuit . 

inductance were zero and if the transistors switched 
instantaneously, the transition from B to E and F to A 
would be instantaneous and a perfect square wave output 
would be obtained. Furthermore, the frequency of operation 
would depend solely on the time it takes for the core to go 
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from negative to positive saturation., I.e,, 

2X s = V 1 At (9) 

where At is the time for one half cycle to occur. Then, we 
have 




4M>T 



tio) 



which is the fundamental frequency relationship for this 
circuit . 

One interesting fact is immediately evident . In the 

usual approach to analysing the operation of this circuit, 

the frequency relationship has been written with E replacing 

V in Equation (10). Neglecting other time intervals In the 

cycle (i.e. assuming L is zero and transistor switches 

instantaneously), for any non-zero value of R , the ideal 

frequency is approached more and more closely as n 2 R^ is 

made very much larger than R_ » This is shown by the follow- 

s 

ing equation t 



V t = (E-I m R s ) n 2 R b 

R s + n z Rb 



( 11 ) 



Since 1 R is very much smaller than E, it can be neglected, 
so the importance of the n 2 R- b term in determining the devia- 
tion of the frequency from that predicted for the ideal case 
is evident. Unfortunately, as can be seen by reference to 
Equation (3), an increase in the quantity n 2 R^ also increases 
R 0 , thus increasing the minimum allowable load impedance. 

Insofar as operation of the basic circuit is concerned, 
the only other question of importance concerns the relative 
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magnitudes of the various time intervals In determining 
frequency . 

3.4 Importance of Various Time Intervals in Determining 
Frequency 

Reference to Fig. VII shows that two parasitic time 
Intervals exist in any given cycle, that is, the time to go 
from B to C and from D to E, and the switching time of the 
transistor (C to D). We can find the time to go from D to 
G to account for the intervals from B to C and D to E, and 
the switching time of the transistor may he estimated using 
the high-frequency equivalent circuit . 

To determine the time involved in going from D to G, 
we can use Equation (8) and the following relationship: 

v = / R»o x Rb ^ i. + E n 1 Rb (12) 

IRs + ^rJ R s + n*Rt 

This calculation is made In Appendix B, using repre- 
sentative values of the circuit parameters, and shows that 
the time interval involved in one complete cycle is approx- 
imately twenty-fiv« micro-seconds . 

In order to estimate the switching time of the trans- 
istor, the high-frequency piecewise-linear model of the 
transistor given In [4] is used. Again calculations are 
included in Appendix B and show that the switching time of 
the transistor is of the order of micro -seconds, so the 
time interval for switching the transistors is negligible. 

When we consider the fact that the maximum frequency 
we are interested In for our purposes is 100 cps, we see 
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that the minimum period we will be dealing with is ten milli- 
seconds ; therefore, neither of the parasitic time intervals 
is of any consequence in determining the frequency of opera- 
tion of the oscillator. 

3.5 Conclusions Concerning Operation of the Basic Circuit 

Based on the foregoing, the following important conclu- 
sions can be made with regard to operation of the single 
phase switching-transistor circuit : 

1. There is a minimum valiie of load Impedance, below 
which oscillatory behavior of the switching 
circuit ceases. 

2 . Because of the aforementioned restriction on the 
value of load impedance, the power which can be 
delivered to the load is limited, (Since P « 

v Load 2 /V> 

3» The frequency of operation approaches more closely 
the ideal predicted frequency as the quantity 
n 2 R, is increased. Unfortunately, increasing 
n 2 R^ has the concomitant effect of increasing the 
min&num allowable load impedance. 

4. Parasitic time intervals are of no consequence in 
determining frequency of operation of the circuit 
over the range in which we are interested. 

The next step is to investigate the phase-locking 
principle and determine the effect of phase -locking on the 
operation of the basic circuit. 
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CHAPTER 4 



POLYPHASE SWITCHING CIRCUITS 



4.1 Phase-locking Principle 

By utilising phase-locking techniques proposed by Milnes 

in [2], two or more of the converters described in Chapter 3 

may be locked together with their output differing in phase 

by any desired amount. In this chapter,, a circuit in which 

two of the basic converters are locked together with a 120° 

phase difference will be described. In order to construct a 

three-phase system, it is then simply necessary to add 

another converter locked 120° behind the other two . 

In order to link the basic converters to form polyphase 

systems, the arrangement shown in Pig. VIII is used. In this 

arrangement, the elements designated L and L are saturable 

1 2 

reactors, the volt-time ratings of which are adjusted to 
provide the desired phase difference between the outputs. 



V and V . 

X ' 2 

The analysis of the basic converter circuit as a 
negative-resistance device led to many interesting conclu- 
sions with regard to its operation, particularly giving an 
insight into the effect of various circuit parameters on 
operation. In analysing the phase-locking principle, this 
technique is not useful. Instead, operation is conveniently 
investigated in terns of volt-time areas. 
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Converter No . 1 Converter No . 2 

Pig. VIII . Arrangement for locking two converters together 

with predetermined phase shift between the outputs . 

The desired output waveforms are shown in Fig. IX (a) 
and (b). Now, reference to Fig. VIII shows that, with wind- 
ing polarities as indicated, (V +V ) Nv/N, appears across L 

1 2 7 -L 1 

and (V i -V^ ) N^/N^ appears across L . These sum and differ- 
ence voltages are shown in Fig. IX (c) and (d). 

Fig. IX (c) and (d) show that for the phase difference 

desired, the volt-time rating of L must be twice that of L . 

2 1 

It is no w desired to relate the volt-time ratings of the 
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Fig. IX. Output voltages from two -phase circuit and sum and 
difference voltages which appear across saturable 
reactors . 



saturable reactors to that of the main windings. First, we 
recognize that in any half cycle each of the saturable 
reactors goes from negative saturation to positive satura- 
tion. Then we can say that in one half-cycle, absorbs: 

2V, Ik 21 volt secs. (13) 

Ni 6 

and L absorbs: 
s 

2 V L ik 22 volt secs. (l4) 

n l 3 

In this half-cycle, the main windings absorb: 

V 1 ~ 2 ~ - 2 N,(|) s volt secs. 
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(15) 



from which we can solve for T. 



We then observe that L and L together absorb: 

1 2 




volt secs. 



(16) 



where and ^ are the saturation fluxes of L and L , 
x z 1 

respectively. 

Then , using the fact that the volt-time rating of L 

2 

must be twice that of L , and assuming that ^ equals ^ 
(as it will in the practical case), we find that: 



2 N,<t> s (17) 

o 

and 

= _4_I\! 5 4) s (l8) 

Z5 



Equations (17) and (l8) 
between the volt-time ratings 
the volt -tine ratings of the 



are the fundamental relationship 
of the saturable reactors and 
phase-locking circuit turns (N^) 



on the main cores when two converters are locked together 
with 120° phase shift. 

How does this assure the desired phase-locking? If the 



outputs are not out of phase by 120°, the sum and difference 

voltages will be different from these shown in Pig. IX. For 

example, if the outputs are out of phase by less than 120°, 

the sura (v +V ) N-^/Nt will appear across L earlier than is 
1 2 7 -L 1 

shown in Figure IX (c). However, is designed to absorb 
a certain number of volt-seconds, so, after absorbing this 
designed amount, it will saturate. The sum voltage will then 
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appear across the rectifier bridge, thence across the resist- 
ance in the base circuit of transistor 1A in such a direction 
as to make the transistor non-conducting. (Refer to Pig. 
VIII.) Thus, the transistor will switch sooner than it would 
have without phase-locking. By following cycles of this sort 
the two circuits finally arrive at the desired phase rela- 
tionship. A more detailed discussion of the above action for 
a quadrature phase-locking circuit is given in [2]. It 
should be mentioned that investigation of the phase -locking 
action in detail shows that the relationships given in Equa- 
tions (IT) and (l8) are not exact in the practical case, but 
that the volt-time ratings of the saturable reactors should 
be slightly less than those ideal values [2]. The discrep- 
ancy is small and is not amenable to precise prediction, so 
in designing the circuit it is desirable to provide taps on 
the windings on L and in order to permit adjustment of 
the number of turns to give exactly the desired phase shift. 

4 . 2 Effect of Phase-locking on Operation of Switching 
Circuit 

In this section we are interested in determining the 
effect of introducing phase-locking on the operation of the 
basic circuit. That is to say, how does it affect the con- 
verter operating as a negative-resistance oscillator? 

The analysis is made in detail in Appendix C . In 
order to simplify the equations, the two-phase circuit is 
analyzed, extension to the three-phase case being made by 
deduction. In order to make this analysis it is necessary 
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to regard all transformers in the circuit as ideal except for 
winding resistance. Accordingly, self-inductances of the 
windings are assumed to be zero and magnetizing inductances 
are assumed to be infinite. 

As shown in Appendix C, the basic effect in the steady 
state of adding the phase-locking circuit is to modify the 
v-i characteristic as seen from the load. The slope of the 
negative resistance portion (R q in Pig. Ill) is changed in 
accordance with the following relation: 



= R.( R + Rb) (19) 

Rb(H-K) 



where is as defined in Equation (5), R Q is defined in 
Equation ( 3 ), R is the resistance introduced into the base 
circuit of each of the transistors (See Pig. VIII), and K is 
defined by the following: 

n!m[h(i-QXR + Rb)+aRs] 



K 






_Ni _ [i-a(n+lVl R 
Ni n(t-a) (R+Rb) 



( 20 ) 



where I m is the magnetizing current of the main core (for 
example, see Pig. Vl(b)) and other quantities have been pre- 
viously defined. The magnitude of K is normally small but, 
whatever its magnitude, the effect is to make R Q ' larger. 

Therefore, the most Important result of introducing 
phase-locking in the two-phase case is to increase the value 
of the negative-resistance portion of the v-i characteristic 
as seen from the load, thus Increasing the minimum allowable 
load impedance for oscillatory operation. 
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In the three-phase case, the effect Is even more pro- 
nounced In that the center converter sees more additional 
resistance because of the additional phase-locking windings 
so that the quantity, K, in Equation ( 19 ) will be further 
increased, thus increasing R ' once more, 

These effects are all observed experimentally. Each 
time the number of phases is increased in going from single- 
phase to three-phase operation, it is found necessary to 
increase the minimum load resistance to sustain oscillatory 
operation . 
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CHAPTER 5 



DESIGN OF THREE-PHASE 
SWITCHING -TRANSISTOR CONVERTERS 



5.1 The Three-phase Circuit 

As Is mentioned In Section 4.1, the three-phase switching- 

transistor circuit Is made up of three converters, each differ- 

o an 

ing in phase from the othersby 120 . Such^/arrangement is shown 
in Fig. X. In this scheme, the volt-time ratings of and 
are equal, as are those of Lg and L^. The volt-time rating of 
Lg and is twice that of L, and Lg. In actual practice, the 
converters are supplied from the same D.C. source, three differ 
ent sources being shown in Fig. X in order to simplify the 
diagram . 

'file design of the particular circuit used in experimental 
work' for this thesis is outlined in Appendix E, the following 
procedure being given for the general case. 

5«2 Determination of Number of Turns on Cores 

Hie first step is to determine the number of turns to be 
used in the various windings shown in Fig. X. For design 
purposes, the frequency relationship given in Equation (10) 
may be approximated by the ideal relationship which follows i 



EL 

4N^s 



( 21 ) 



In order to solve for N^, three quantities, f, E, and 0 S , 
are required. is a function of the core material and 
dimensions and is assumed known. For a constant frequency 
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Fig. X. 

Three-phase Switching Circuit . 
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circuit, f is known uniquely. In the variable frequency case, 
it is the maximum frequency at which the converter is desired 
to operate. The input voltage, E, is dependent upon collector 
characteristics of the transistor operating in the common 
emitter configuration and upon the maximum allowable collector 
to -emitter voltage for the transistor. This last characteris- 
tic gives the maximum allowable value of input voltage. In 
this connection, it must be remembered that when the trans- 
istor is cut off, twice the input voltage appears across 
colleetor-to-emitter, so the maximum permissible input voltage 
is one-half the maximum allowable collector-to-emitter voltage 

Xnowing all these quantities, may be calculated. If 
it is important that the maximum frequency of operation be 
achieved, the calculation should be for some input voltage 
less than the maximum allowable since, as was shown in Section 
3-3, the voltage which appears across the core is less than E. 

N __ is determined by the amount of base current required 
to saturate the transistor. Referring to typical collector 
characteristics for the transistor in the common emitter con- 
figuration, as shown in Fig. XI, a load line for the maximum 
allowable voltage is chosen so as to obtain the maximum 
possible power from the transistor when saturated. For the 
present, assume that this load line is as shown. It can be 
seen that in order to saturate the transistor (I = 400 ma), 

V 

the base current must be about 10 ma. Then, knowing the value 
of the resistances in the base, the voltage required across 
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Figc XI. Typiaal collector characteristics for power 
transistor in common emitter configuration. 

4 

the ”N " winding to give this required base current may be 
2 

determined* Knowing this, the turns ratio, N /N , may be 

2 1 

found for the maximum input voltage* In the practical 
case, M may be chosen larger than the value indicated by 
the above to provide a safety factor and assure saturation. 
It must be recognised, however, that this will increase 
dissipation in the base* 

There is no particular requirement on the value of N- 

except that when the phase-locking saturable reactors do 

saturate, the voltage which appears across R in the base 

circuit of the transistor (see Pig* X) must be sufficient to 

overcome the voltage across N and block the transistor* 

2 

Therefore, it should be sufficient to make equal to Ng* 

It should be mentioned that It is desirable to make as 
small as possible in order to limit winding resistance 
losses and to reduce the total number of turns on a core. 
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Having chosen a value of N^, the required number of turns 



on the phase-locking saturable reactors may be determined from 
Equations (17) and (l8). 

Based upon the above, the number of turns in all the wind 
ings indicated in Fig. X may be determined. Another important 
factor in this design is the determination of the load line 
shown in Fig. XI. 

5.3 Determination of Load Line for Maximum Power Output 

In this discussion, the circuit shown in Fig. XII will be 
investigated. Essentially, this is what we would like the 



Fig. XII. Transistor in common-emitter configuration. 

basic converter circuit to reduce to when the transistor is 
saturated. (This presumes that is chosen to give this 
condition.) Then, provided there were no other limitation 
on the value of load impedance, would be chosen in order 
that the maximum power would be delivered to the load, that 
is, so that the transistor is delivering all the power it 
can without exceeding the maximum current rating. It should 
be noted that the circuit used in experimental work in con- 
nection with this thesis was designed on this basis. 




R b -^R 
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However, as was shown in Section 3*2, the choice of 
is not an independent one in this switching circuit, for it 
must be larger in magnitude than the negative resistance 
portion of the v-i characteristic of the circuit, Therefore, 
if the maximum amount of power is to be delivered to the 
load, R q must be minimized. Reference to Equation (3) 
(Equation (19) for the polyphase case), shows that R Q is a 
function of the collector-to-base transformer turns ratio, 
the total resistance in the base circuit, and the current 
amplification factor of the transistor. Of interest is the 
ability of the designer to minimize R Q by controlling the 
values of the first two of these factors . With regard 
to the turns ratio, n, we have: 

dRo z [l-a(n+ifl [2nR h (l-a)] - Cn*R b (l-a)] [-a] (22) 

5 n [l-a(n + l)] 2 

Equating this to zero and solving for n, we find: 

n = Ni = 2 (l-Q) (23) 

Nj. (X 

in which case 

^ = -A(i-a) z R» (24) 

a z 

But this result requires that N be greater than N , which is 

2 1 

totally unrealistic. Therefore, it is concluded that the 
best the designer can do, in choosing this turns ratio to 
reduce the value of R Q , is to make n as small as possible con- 
sistent with acceptable amounts of dissipation in the base 
circuit . 
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The primary means of minimizing R q is, then, to reduce 
the value of total resistance in the base. This resistance 
is comprised of the transistor base resistance, the winding 
resistance in the base, and the external resistance, R, in- 
troduced into the base in the phase-locking circuit (Refer 
to Fig , X). By proper design of the core windings, the 
second may be made very small. The external resistance, R, 
i3 also small, so the most important resistance in the base 
circuit is the non-controllable base resistance of the trans- 
istor itself. 

The problem reduces to minimizing all resistances in 
the circuit by careful design of the core windings and by 
introducing the smallest possible resistance into the base 
for phase-locking. Then, by judicious choice of the turns 
ratio, n, the magnitude of R Q may be controlled. It must be 
remembered, however, that there is a limit on the value of 
turns ratio below which dissipation in the base becomes 
undesirably large. This dissipation, besides representing 
a loss of power, also results in internal heating of the 
transistor . 

No simple rule can be given for determining the load 
line for maximum power output since so many factors enter 
into the problem. However, the principles outlined above 
do give the designer a point of departure. 
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